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A  stable  high-index  surface  of  silicon,  Si(5  5  12),  is  described.  This  surface  forms  a  2  x  1 
reconstruction  with  one  of  the  largest  unit  cells  ever  observed,  7.7  angstroms  by  53.5 
angstroms.  Scanning  tunneling  microscopy  (STM)  reveals  that  the  68  surface  atoms  per 
2x1  unit  cell  are  reconstructed  only  on  a  local  scale.  A  complete  structural  model  for 
the  surface  is  proposed,  incorporating  a  variety  of  features  known  to  exist  on  other 
stable  silicon  surfaces.  Simulated  STM  images  based  on  this  model  have  been  com¬ 
puted  by  first-principles  electronic-structure  methods  and  show  excellent  agreement 
with  experiment. 


As  the  basis  for  a  multibillion-dollar  indus¬ 
try,  the  surfaces  of  silicon  are  the  most 
widely  studied  of  all  semiconductors-  De¬ 
spite  such  scrutiny,  only  three  stable  surfac¬ 
es  of  clean  silicon  have  generally  accepted 
structural  models:  the  well-known  low- 
Miller  index  (001)  and  (111)  planes  and 
the  high-index  (113)  plane  (1-3).  As  is 
common  for  covalently  bonded  materials, 
all  of  these  clean  surfaces  reconstruct  in 
order  to  reduce  the  energy  associated  with 
their  surface  dangling  bonds.  On  Si(001), 
the  surface  atoms  pair  up  as  dimers  to  form 
a  2  X  1  reconstruction.  On  Si(  111 ),  a  num¬ 
ber  of  different  reconstructions  are  ob¬ 
served,  including  the  metastable  2X1 
structure  with  the  top  two  surface  layers 
rearranged  into  tr-bonded  chains  (observed 
on  a  cleaved  surface),  and  the  equilibrium 
7  X  7  structure  with  a  more  complicated 
dimer-adatom-stacking  fault  (DAS)  struc¬ 
ture  (observed  after  cooling  from  high  tem¬ 
peratures).  High-index  Si(113),  a  surface 
consisting  of  alternating  rows  of  atoms  with 
(001)  and  (111)  orientation,  is  stabilized  by 
a  3  X  2  reconstruction  composed  of  re¬ 
bonded  and  dimerlike  step  edge  atoms.  Sub- 
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strates  oriented  to  (110),  (331),  and  (015) 
also  appear  to  have  stable  surfaces,  but  their 
structures  have  not  been  well  established 
(4-7). 

Although  Si  (001)  is  the  dominant  sub¬ 
strate  for  electronic  device  fabrication,  high- 
index  surfaces  are  being  investigated  as  pos¬ 
sible  substrates  for  specialized  applications 
(8 -10).  An  ideally  structured  high- index 
surface  (that  is,  bulk-terminated)  would  con¬ 
sist  of  a  periodic  array  of  low- index  terraces 
separated  by  steps  of  monatomic  height. 
Such  a  surface  would  provide  a  natural  tem¬ 
plate  for  the  growth  of  one -dimensional 
structures  (8)  and  high-quality  heteroepi- 
taxial  films  (9,  10).  However,  the  actual 
surface  morphologies  on  high-index  surfaces 
are  usually  not  ideal,  because  of  the  influ¬ 
ence  of  surface  reconstructions,  step  and 
kink  energies,  and  step-step  interactions.  In 
general,  these  surfaces  may  consist  of  a  dis¬ 
tribution  of  low- index  terraces  separated  by 
variable-height  steps  or  step  bunches,  or  in 
the  extreme  case,  may  break  up  (facet)  into 
planes  of  different  orientations  (11). 

Whereas  Si  surfaces  tilted  only  a  few 
degrees  away  from  (001)  and  (111)  have 
been  welt  characterized,  less  is  known  about 
high-index  surfaces  tilted  farther  away  from 
these  planes.  Given  the  established  stability 
of  Si(  1 13),  which  is  oriented  nearly  midway 
between  (001)  and  (ill),  high-index  sur- 
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faces  oriented  between  these  two  low- index 
planes  are  of  particular  interest  (Fig.  1).  It  is 
known  that  Si(001)  surfaces  tilted  only  a 
few  degrees  toward  (111)  consist  of  (001) 
terraces  separated  by  single  atomic-height 
steps,  whereas  at  higher  tilt  angles  (^2°  to 
5°)  double-height  steps  occur  (12).  Similar¬ 
ly,  Si(lll)  surfaces  tilted  up  to  12°  toward 
(001)  form  (111)7  X  7  terraces  separated 
by  both  single-height  and  triple-height 
steps,  with  the  fraction  of  triple-height  steps 
increasing  with  increasing  angle  (13,  14). 
Recently,  we  found  that  at  even  higher  tilt 
angles  (>14°)  the  triple-height  steps  are 
replaced  by  (337)-like  terraces  separated  by 
(111)7  X  7  terraces  that  are  one  unit  cell 
wide,  resulting  in  the  formation  of  quasi- 
periodic  sawtoothlike  nanofacets  on  the 
surface  (15).  This  result  provided  evidence 
for  the  existence  of  a  stable  surface  near 
(337).  After  examining  planar  surfaces  near 
this  orientation,  we  have  discovered  anoth¬ 
er  stable  surface  of  silicon,  Si(5  5  12), 
which  we  now  describe. 

These  experiments  were  performed  in 
ultrahigh  vacuum  (UHV)  with  Si  wafers 
oriented  to  within  1°  of  (5  5  12)  and 
cleaned  as  described  previously  (15).  After 
cleaning,  the  samples  were  cooled  slowly 
(^2°C  per  second)  from  **1  150°C  to  room 
temperature  to  obtain  the  equilibrium  sur¬ 
face  structure.  Atomic-resolution  scanning 
tunneling  microscopy  (STM)  topographs  of 
both  the  filled  and  empty  electronic  states 
were  acquired  with  a  constant  current  be¬ 
tween  0.1  and  0.3  nA  and  bias  voltages 
between  1.0  and  2.5  V. 

Scanning  tunneling  microscopy  images 
of  the  clean  (5  5  12)  surface  display  a  well- 
ordered,  periodic  arrangement  of  row  struc- 
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Fig.  1  .  Side  view  of  a  Si  crystal  lattice  bounded  by 
the  (001 )  and  (111)  planes.  The  intersections  of 
the  lattice  lines  represent  projections  of  atomic 
positions  onto  the  (110)  plane  (the  plane  of  the 
page).  Six  plane  orientations  on  this  lattice  are 
indicated  by  line  segments,  with  the  length  of  each 
line  equaling  one  unit  cell  of  the  associated  bulk- 
terminated  surface.  The  crystal  truncation  of  one 
unit  cell  of  (5  5  1 2)  is  equivalent  to  that  of  two  unit 
cells  of  (337)  plus  one  of  (225).  The  table  lists  the 
angle  with  respect  to  the  (001 )  plane  and  the  bulk- 
terminated  unit  cell  length  for  each  orientation. 


tures  oriented  along  the  [110]  direction  (Fig. 
2).  The  period  of  this  structure  in  the 
[665]  direction  is  ^54  A,  equal  to  the 
length  of  the  bulk-terminated  (5  5  12) 
unit  cell.  In  Fig.  3,  the  topography  of  the 
filled  electronic  states  is  displayed  along 
with  top  and  side  views  of  the  bulk-termi¬ 
nated  (5  5  12)  surface.  As  shown,  each 
unit  cell  of  the  bulk-terminated  (5  5  12) 
surface  is  equivalent  to  two  unit  cells  of 
(337)  plus  one  unit  cell  of  (225)  (Figs.  1 
and  3),  that  is,  the  atoms  at  the  surface  are 
the  same  in  either  case.  The  excellent 
correspondence  between  the  STM  topog¬ 
raphy  and  the  lengths  of  the  (337)  and 
(225)  subunits  confirms  that  the  observed 
surface  has  a  (5  5  12)  orientation.  In 
addition,  the  topography  of  each  of  these 
units  is  identical  to  that  observed  on  struc¬ 
tures  unambiguously  identified  as  (337) 


and  (225)  unit  cells  in  a  previous  study 
(15).  This  clearly  demonstrates  that  Si(5  5 
12)  is  a  stable  surface  (16)  and  is  recon¬ 
structed  only  on  a  local  scale  within  the 
constituent  (337)  and  (225)  units. 

The  atomic-scale  topography  of  the 
filled  electronic  states  on  the  Si(5  5  12) 
surface  is  dominated  by  three  types  of  row 
structures  having  specific  locations  with  re¬ 
spect  to  each  other  (Fig.  3A).  The  most 
prominent  rows  on  the  surface  (labeled  “a”) 
are  the  primary  rows.  These  rows  define  the 
(225)  and  (337)  subunits  and  consist  of 
oblong  maxima  with  a  bulk-like  a0  period 
along  [110]  ( a0  =  3.84  A).  Within  each 
unit  of  (225),  there  are  two  internal  rows: 
secondary  (“b”)  and  tertiary  (“c”)*  The 
blocklike  secondary  rows  always  occur  to 
the  right  (that  is,  toward  [665])  of  the  typ¬ 
ically  zigzag-shaped  tertiary  rows.  In  con- 


Fig.  2%Filled-state  STIM  gray-scale  images  of  Si(5  5  12):  (A)  ^750  A  by  750  A  (4.6  A  height  range);  (B) 
^300  A  by  300  A  (4.3  A  height  range).  Arrows  indicate  the  surface  periodicity. 


Fig.  3.  (A)  Rendered 
1 20  A  by  1 1 5  A  image  of 
Si(5  5  12)  (3.0  A  height 
range).  One  unit  cell  of 
the  2  x  1  reconstruction 
is  outlined.  Labels  denote 
the  following  surface 
structures:  (a)  primary 
rows,  (b)  secondary 
rows,  (c)  tertiary  rows, 
and  (d)  ad-dimer.  (B)  Top 
view  of  a  model  bulk-ter¬ 
minated  Si(5  5  12)  sur¬ 
face.  (C)  Side  view  of  the 
bulk-terminated  struc¬ 
ture.  As  indicated,  each 
unit  cell  of  the  (5  5  12) 
surface  can  be  described 
as  two  unit  cells  of  (337) 
(pink-purple)  plus  one  of 
(225)  (blues). 


(337)  +  (225)  +  (337)  =  (5  5  12) 

/ - ■V^r— >'rr 


•  VOL.  269  •  15  SEPTEMBER  1995 


SCIENCE 


1557 


trast,  each  unit  of  (337)  has  only  one  inter¬ 
nal  row,  which  is  a  secondary  row  if  the 
(337)  unit  is  to  the  right  of  a  (225)  unit, 
and  a  tertiary  row  if  it  is  to  the  left.  In 
addition  to  the  row  structures,  protrusions 
(“d”)  are  occasionally  observed,  but  only  on 
top  of  the  tertiary  rows.  The  secondary  and 
tertiary  rows  both  have  a  2 a0  period  along 
[110];  hence,  the  (5  5  12)  surface  has  a 
2X1  reconstruction  with  a  unit  cell  of  7.7 
A  by  53.5  A. 

Because  STM  images  are  a  convolution  of 
both  physical  and  electronic  structure,  it  is 
important  to  examine  the  topography  of 
both  the  filled  and  empty  electronic  states 
on  surfaces  of  covalently  bonded  materials 
such  as  Si.  Figure  4  shows  atomic-resolution 
images  of  both  of  these  states  acquired  simul¬ 
taneously  on  the  same  area  of  a  (5  5  12) 
surface.  Each  of  the  structures  discussed  pre¬ 
viously  has  a  unique  signature  in  such  dual¬ 
bias  images  that  provides  important  clues  to 
the  underlying  atomic  structure.  For  exam¬ 
ple,  each  protrusion  on  the  tertiary  rows 
appears  as  one  maximum  in  the  filled-state 
image,  but  as  two  maxima  (oriented  either 
parallel  or  perpendicular  to  the  rows)  in  the 
empty-state  image.  This  dual-bias  behavior  is 
similar  to  that  observed  for  Si  dimers  (ad- 
dimers)  adsorbed  on  Si(001)  (17),  strongly 
suggesting  a  similar  dimer  structure  here. 

The  dual-bias  behavior  of  the  row  struc¬ 
tures  is  more  complicated.  As  described 
above,  the  primary  rows  have  an  a0  period 
corrugation  along  the  [110]  row  direction  in 
the  filled  states.  In  the  empty  states,  a  sim¬ 
ilar  corrugation  is  visible,  but  the  oblong 
maxima  are  out  of  phase  along  [1 10]  with 
respect  to  the  filled  states.  The  overall  ap¬ 
pearance  and  phase  relationship  between 
the  filled  and  empty  states  of  the  primary 
rows  resemble  that  of  the  TT-bonded  rows 
observed  on  cleaved  Si(  111)2  X  1  (18).  In 
contrast  to  the  primary  rows,  both  the  sec¬ 
ondary  and  tertiary  rows  have  a  2 a0  period 
along  [110]  and  appear  substantially  differ¬ 
ent  in  the  filled-state  versus  empty-state 
images.  The  secondary  rows  have  a  block¬ 
like  appearance  in  the  filled  states  and  an 
asymmetric  structure  in  the  empty  states 
with  a  node  along  the  center  line;  these 
features  are  similar  to  the  tetramers  seen  on 
reconstructed  Si(  113)  (2,  3).  In  contrast  to 
the  consistent  structure  of  the  primary  and 
secondary  rows,  the  internal  structure  of  the 
tertiary  rows  shows  considerable  variation, 
especially  in  the  filled  states.  Two  common 
structures,  found  in  either  the  (337)  or 
(225)  units,  are  symmetrical  pairs  [see  (337) 
tertiary  row  in  Fig.  4]  and  zigzags  [see  (225) 
tertiary  row].  In  the  empty  states,  the  ter¬ 
tiary  rows  are  more  uniform  and  appear  as  a 
diffuse  line  slightly  off  center. 

On  the  basis  of  the  characteristic  fea¬ 
tures  observed  in  dual-bias  images,  we  pro¬ 
pose  a  model  of  the  (5  5  12)2  X  1  surface 


that  can  be  constructed  from  a  few  simple 
structural  units:  ir-bonded  chains,  dimers, 
and  tetramers.  Figure  5  illustrates  the  pro¬ 
posed  structure  of  the  primary,  secondary, 
and  tertiary  rows  as  incorporated  into  the 
(225)  subunit  of  the  (5  5  12)2  X  1  surface. 
In  our  proposed  model,  the  primary  row  is  a 
ir-bonded  chain  situated  atop  six-member 
rings,  a  variation  of  the  "ir-bonded  chains 
found  atop  seven-member  rings  on  the 


Si(  111)2  X  1  surface  (19).  Note  that  this 
Tt-bonded  chain  changes  the  stacking  ar¬ 
rangement  of  the  surface  atoms  from  un¬ 
faulted  on  the  left  to  faulted  on  the  right. 
To  the  right,  the  primary  rows  are  connect¬ 
ed  to  five-member  rings  with  no  dangling 
bonds,  which  are  in  turn  connected  to  sev¬ 
en-member  rings  with  another  rr-bonded 
chain  on  top.  Directly  adjacent  to  this  sec¬ 
ond  TT-bonded  chain  is  a  dimer-chain  wail 


Filled  states 
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Fig.  4.  (A)  Dual-bias,  gray-scale  image  of 
Si(5  5  1 2)  with  filled  electronic  states  shown 
on  the  left  (2  V,  3.6  A  height  range)  and 
empty  states  shown  on  the  right  (1  V,  4.4  A  height  range).  These  images  have  been  corrected  for  thermal 
drift.  Labels  denote  the  following  surface  structures:  (a)  primary  rows,  (b)  secondary  rows,  and  (c)  tertiary 
rows.  Crosses  mark  the  approximate  centers  of  protrusions  (d),  believed  to  be  adsorbed  dimers,  which 
are  sometimes  observed  (with  two  possible  orientations)  on  the  tertiary  rows.  As  reference  aids,  ovals 
highlight  the  maxima  along  the  primary  rows  in  the  filled-state  image,  and  dashed  lines  are  drawn  at 
identical  locations  in  both  images.  Note  that  as  a  natural  consequence  of  the  diamond  crystal  structure, 
the  corrugation  of  the  primary  rows  along  [110]  is  out  of  phase  across  the  (337)  subunit  but  in  phase 
across  (225).  (B)  Simulated  filled-  and  empty-state  images  of  a  proposed  model  for  the  (5  5  12)2  x  1 
surface  (~5  A  height  range).  One  ad-dimer  (d)  oriented  parallel  to  [T 1 0]  is  shown.  At  the  top  of  both 
simulated  images,  features  associated  with  the  primary  and  secondary  rows  are  highlighted.  A  top  view 
of  the  model  is  overlaid  on  the  bottom  of  the  filled-state  image.  A  side  view  of  the  model  is  displayed 
directly  below. 


Primary 


Fig.  5.  Ball-and-stick  model  of  the  (225)  subunit  of 
the  reconstructed  Si(5  5  1 2)2  x  1  surface.  Labels 
indicate  the  locations  of  the  primary,  secondary, 
and  tertiary  rows,  as  well  as  key  structural  ele¬ 
ments  of  the  model.  Each  of  the  three  row  struc¬ 
tures  are  associated  with  specific  structural  units: 
primary  row  =  -n-bonded  chain  located  atop  six- 
member  rings  (magenta);  secondary  row  =  row  of 
dimer-bonded  tetramers  (blue-purple);  tertiary 
row  =  Tr-bonded  chain  located  atop  seven-mem¬ 
ber  rings  (orange)  +  dimer-chain  wall  (cyan)  +  row 
of  dimers  (blue).  Note  that  the  stacking  sequence 
of  the  surface  atoms  (with  respect  to  those  below) 
is  shifted  by  both  the  primary  row  and  the  dimer- 

chain  wall:  the  atoms  to  the  left  of  the  dimer-chain  wall  are  faulted  and  those  to  the  right  are  unfaulted.  The 
structures  illustrated  here  can  be  arranged  to  form  the  (337)  subunits  necessary  to  model  a  complete  (5 
5  1 2)2  x  1  surface. 
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that  switches  the  stacking  arrangement 
back  to  an  unfaulted  sequence.  This  wall  is 
analogous  to  the  wall  found  between  the 
triangular  unfaulted  and  faulted  regions  on 
Si(ll  1)7  X  7. 

The  first  structure  on  the  unfaulted  side 
of  the  (225)  subunit  is  a  row  of  dimers 
oriented  along  [110],  similar  to  the  dimers 
found  on  the  Si(001)2  X  1  surface.  This 
dimer  row,  combined  with  the  neighboring 
7T-bonded  chain,  accounts  for  the  tertiary 
row  in  the  STM  images.  To  the  right  of  the 
tertiary  row  we  find  the  dimer-bonded  tet- 
ramers  of  the  secondary  row,  containing 
two  dimer-bonded  atoms  (left  pair)  and  two 
threefold-coordinated  atoms  (right  pair). 
The  structural  units  (Fig.  5)  can  be  arranged 
to  form  the  two  (337)  subunits  that  com¬ 
plete  the  (5  5  12)2  X  1  unit  cell.  Within 
this  unit  cell,  the  68  bulk-terminated  sur¬ 
face  atoms  are  locally  rearranged  to  halve 
the  number  of  dangling  bonds  per  2X1 
unit  cell  from  48  to  24  (20). 

Our  model  of  the  Si(5  5  12)2  X  1  sur¬ 
face  is  strongly  supported  by  idealized  the¬ 
oretical  simulations  of  the  filled-  and  emp¬ 
ty-state  STM  images.  First-principles  elec¬ 
tronic-structure  methods  were  used  to  cal¬ 
culate  the  local  state  density  at  position  r 
and  energy  e 

p(r,€)=S„kl^nk(r)l28(e-€„k)  (1) 

where  r  is  a  distance  vector  and  ^nk(r)  is 
the  self-consistent  wave  function  for  band  n, 
wave  vector  k,  and  energy  enk.  The  calcula¬ 
tions  were  performed  within  the  local-densi¬ 
ty  approximation  (LDA)  to  density-func¬ 
tional  theory  by  an  all-electron  method  with 
a  local-orbital  basis  set  (21 ).  To  approximate 
constant-current  STM  images,  we  generated 
simulated  images  by  finding  the  height  z 
above  the  surface  for  which  the  integrated 
local  state  density  /p(r,e)de  is  constant, 
with  the  integral  taken  over  filled  or  emp¬ 
ty  states  within  2  eV  of  the  Fermi  level 
(22).  Thev  resulting  images  are  shown  in 
Fig.  4  (23). 

In  general,  the  correspondence  between 
the  simulated  and  experimental  images  is 
excellent,  both  with  respect  to  the  lateral 
positions  of  the  features  and  their  relative 
heights  (see  Fig.  4).  In  the  simulated  imag¬ 
es,  the  TT-bonded  chains  of  the  primary  rows 
appear  as  asymmetric  zigzag_chains  with  the 
expected  %  period  along  [110].  As  antici¬ 
pated  (23),  the  individual  maxima  along 
the  chains  are  better  resolved  in  the  calcu¬ 
lated  images  than  in  the  STM  data,  appear¬ 
ing  as  two  circular  maxima  as  opposed  to 
one  oblong  maximum.  The  maxima  are 
more  pronounced  on  the  left  side  of  the 
chains  in  the  filled  states,  and  vice  versa  in 
the  empty  states,  reproducing  the  out-of¬ 
phase  condition  observed  in  the  STM  im¬ 
ages  (24).  In  the  secondary  rows,  the  inter¬ 
nal  structure  and  relative  height  with  re¬ 


spect  to  the  primary  rows  are  also  in  good 
agreement.  In  the  filled  states,  the  tetramers 
result  in  a  blocklike  shape  strongly  resem¬ 
bling  the  STM  data;  in  the  empty  states,  a 
thin  nodal  line  along  [110]  occurs  in  the 
center  of  the  row,  in  reasonable  agreement 
with  experiment. 

The  tertiary  rows  are  relatively  more 
complicated  because  of  their  variable  ap¬ 
pearance  in  the  STM  data.  This  variation 
has  a  natural  origin  in  the  row  of  dimers  on 
the  right  side  of  the  tertiary  row.  Because 
dimers  on  Si(001)2  X  1  are  found  in  both 
flat  and  buckled  configurations,  we  assume 
that  both  occur  on  the  (5  5  12)  surface  as 
well.  Additionally,  we  assume  that  the 
dimer  chain  wall  in  the  center  of  the  ter¬ 
tiary  row  induces  a  weak  2 a0  periodicity  in 
the  adjacent  'ir-bonded  chain  to  the  left:  For 
flat  dimers,  this  perturbation  consists  of  a 
small  dimerization  of  the  chain  atoms, 
whereas  for  buckled  dimers,  it  leads  to  a 
small  buckling  of  the  chain  atoms.  We  find 
that  the  simulated  filled-state  image  quali¬ 
tatively  reproduces  the  features  seen  in  the 
data  of  Fig.  4  if  the  dimers  are  flat  in  this 
particular  (337)  subunit  and  buckled  in  the 
(225)  subunit. 

Additional  support  for  our  model  comes 
from  consideration  of  possible  ad-dimer  ad¬ 
sorption  sites.  An  ad-dimer  of  either  orien¬ 
tation  can  be  easily  accommodated  in  the 
tertiary  row,  between  the  Ti-bonded  chain 
and  the  dimer  row,  with  bond  lengths  that 
are  close.to  ideal.  No  such  adsorption  site  is 
available  elsewhere  on  the  model  surface, 
consistent  with  the  experimental  observa¬ 
tion  that  ad-dimers  are  found  only  on  the 
tertiary  rows.  We  have  calculated  the  to¬ 
pography  associated  with  a  periodic  array  of 
dimers  adsorbed  on  a  (337)  tertiary  row  and 
incorporated  one  unit  cell  of  the  simulated 
image  into  Fig.  4. 

The  idealized  theoretical  simulations 
strongly  support  our  proposed  model  of  the 
Si(5  5  12)2  X  1  surface.  Simulated  images  for 
alternative  models,  for  example,  rebonded 
step  edge  arrangements  (25),  significantly  dif¬ 
fer  from  the  STM  images.  We  therefore  con¬ 
clude  that  this  model  is  essentially  correct, 
with  the  possible  exception  of  some  minor 
relaxations  of  the  atomic  positions.  A  precise 
theoretical  determination  of  the  structure 
would  requite  an  ab  initio  total  energy  calcu¬ 
lation  with  all  atoms  allowed  to  move  freely, 
a  formidable  task  given  that  there  are  68 
atoms  per  2  X  1  layer.  To  put  this  problem 
into  perspective,  such  a  calculation  for  the 
simpler  Si(  111)7  X  7  DAS  reconstruction 
(49  atoms  per  7X7  layer)  has  only  recent¬ 
ly  been  possible  with  massively  parallel  al¬ 
gorithms  and  hardware  (26,  27). 

The  most  remarkable  aspect  of  the 
Si(5  5  12)2  X  1  reconstruction  may  be 
that  it  involves  only  a  local  rearrangement 
of  the  68  surface  atoms  in  each  2x1  unit 


cell.  It  is  very  unusual  for  a  high-index 
surface  to  have  an  equilibrium  structure  so 
close  to  its  bulk  termination;  the  resultant 
unit  cell  is  ^one  of  the  largest  ever  ob¬ 
served,  7.7  A  by  53.5  A.  The  stability  of 
the  surface  can  be  in  part  attributed  to  its 
lqw  density  of  dangling  bonds  (dbs).  In  our 
model  of  the  2X1  reconstruction,  this 
density  is  0.058  dbs/A2,  a  value  between 
that  for  Si(001)2  X  1  (0.068  dbs/A2)  and 
Si(lll)7  X  7  (0.030  dbs/A2).  If  the  dan¬ 
gling  bond  density  were  the  only  criteria, 
however,  then  we  would  expect  the  tertiary 
(337)  unit  cells  (which  have  a  lower  density, 
0.050  dbs/A2)  to  form  a  stable  planar  sur¬ 
face — contrary  to  our  observation  (28).  We 
believe  that  another  critical  factor  is  surface 
stress  and  that  the  local  stress  associated 
with  the  (337)  and  (225)  subunits  compen¬ 
sate  each  other  within  the  (5  5  12)  unit  cell, 
leading  to  a  surface  with  net  lower  energy. 
Preliminary  calculations  support  this  belief, 
indicating  that  while  both  types  of  (337) 
units  are  under  compressive  stress,  the  (225) 
unit  is  under  tensile  stress  (29). 

Reconstructions  of  semiconductor  sur¬ 
faces  are  driven  by  a  delicate  energy  bal¬ 
ance  between  a  variety  of  factors,  the  most 
important  of  which  are  the  elimination  of 
dangling  bonds  and  the  minimization  of 
surface  stress.  Our  characterization  of  Si(5 
5  12)  demonstrates  how  the  structure  of 
even  a  complicated  semiconductor  surface 
can  be  understood  in  terms  of  a  small 
number  of  simple  building  blocks  that  re¬ 
duce  the  number  of  dangling  bonds,  pro¬ 
vided  that  the  composite  structure  has  a 
low  net  strain  energy.  Only  by  simulta¬ 
neous  consideration  of  both  dangling 
bonds  and  surface  stress  will  progress  con¬ 
tinue  to  be  made  in  the  understanding  of 
very  large-scale  semiconductor  surface  re¬ 
constructions.  As  the  feature  size  on  Si- 
based  electronic  devices  approaches  the 
nanometer  scale,  such  progress  will  be¬ 
come  increasingly  important. 
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